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Heterospecific breeding associations may benefit individuals by mitigating predation
risk but may also create costs if they increase competition for resources or are more easily detectable by predators. Our understanding of the interactions among hetero- and
conspecifics is often lacking in mixed species colonies. Here, we test how the presence
of hetero- and conspecifics influence nest and chick survival for two listed (under the
U.S. Endangered Species Act) migratory species breeding on the Missouri River, USA.
We monitored 2507 piping plover Charadrius melodus nests and 3245 chicks as well
as 1060 least tern Sternula antillarum nests and 1374 chicks on Lake Sakakawea, the
Garrison River Reach and the Gavins Point Reach for varying years between 2007 and
2016. Piping plover nest and chick survival improved with the presence and abundance of least terns, but least terns only benefited from piping plover presence for
certain study areas and breeding stages. Piping plover nest survival was also improved
by the presence and abundance of conspecifics on the Garrison River Reach and was
negatively influenced by conspecific presence on Lake Sakakawea. Least tern chick survival improved with the presence of other least terns only on the Gavins Point Reach.
Ultimately, the heterospecific breeding association between plovers and terns is mutualistic but asymmetric and is moderated by habitat, abundance of conspecifics and
breeding stage. Our results highlight that spatiotemporal variation in the interactions
among individuals breeding in groups precludes simple generalizations and suggests
that management focused on one species may restrict benefits to that focal species if
nest site requirements for heterospecifics are not also included.
Keywords: antipredatory strategies, Charadrius melodus, chick survival, density
dependence, heterospecific breeding aggregation, mixed species colony, mutualism,
nest survival, Sternula antillarum

Introduction
Aggregations of individuals or species can incur costs as well as benefits from predation and competition that influence fitness (Lack 1968, Lima 2009, Mouton and
Martin 2018). Heterospecific associations are generally considered to arise when
––––––––––––––––––––––––––––––––––––––––
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individuals benefit from group living because reduced niche
overlap allows the benefits of larger group size to accrue without increasing conspecific competition (Alexander 1974,
Krause and Ruxton 2002). Such benefits include a reduction of predation risk (Krause and Ruxton 2002, Harrison
and Whitehouse 2011), increased efficiency in finding food
(Aplin et al. 2012), enhanced ability to gather information
on habitat quality (Seppänen et al. 2007) or increased foraging efficiency (Sridhar et al. 2009). In mixed species colonies,
antipredator benefits may be derived not only from a group
size effect but also from complementary characteristics of each
species in the aggregation (Haemig 2001, Phelps et al. 2007)
and may scale with population trends (Pöysä et al. 2019).
Many of these benefits may also occur where conspecifics
aggregate together, which may serve to maintain coloniality (Lack 1968, Campobello et al. 2011). However, densities of conspecifics may reach a threshold where competition
inhibits coloniality (Farine et al. 2014a), while increasing
densities of heterospecifics may provide additional benefits
(Giroux et al. 2016). Therefore, the compositional balance
within a heterospecific aggregation may influence the benefits
of group living.
Within heterospecific associations, individuals interact
with other species but also with conspecifics. Few studies
have investigated the role of conspecific interactions in mixed
species associations. Buskirk (1976) suggested that conspecific competition plays a primary role in the shift from monospecific to heterospecific groups, but only if predation risk is
high. Farine et al. (2014a) showed that the distribution of
species in mixed colonies can be realistically replicated using
a simple decision rule: nest with conspecifics, but not too
many. Importantly, this rule does not require a heterospecific
attraction parameter, suggesting that individuals may be optimizing colony size as a tradeoff between attracting females
and competing with conspecific males for mating opportunities. Further, any benefits and costs for nesting within a
mixed species colony likely will be asymmetric (Groom 1992,
Ellis and Good 2006), and different compositions of conand heterospecifics may influence antipredator behaviors and
breeding success (Ellis and Good 2006, Sridhar et al. 2013,
Sládeček et al. 2014). The nest density of the species using
conspicuous and sometimes aggressive antipredator behavior
could also shape patterns in predation risk for nearby nests.
The direction of a density effect would depend on whether the
increased nest density better repels (Andersson and Wiklund
1978) or attracts predators (Paulson and Erckmann 1985,
Schmidt and Whelan 1999, Varela et al. 2007). Alternatively,
the total group size or conspecific density may have a similar effect, thereby the total density of nesting neighbors may
influence predation risk (Hamilton 1971, Pratte et al. 2016).
Therefore, the costs and benefits of associating with conspecifics must also be examined when assessing the benefits of
nesting among heterospecifics.
Heterospecific aggregations must benefit one or all individuals of the colony if selection is to act to maintain the
interaction. Three hypotheses have been suggested to explain

heterospecific breeding associations in birds: 1) an aggressive
species defends its breeding area and, hence, the nests of other
species in the area gain protection (protector species; Quinn
and Ueta 2008), 2) mixed breeding colonies primarily function as an ‘information centre’ for food finding (Ward and
Zahavi 1973) and, 3) birds can use the information contained
in alarm calls and defense behaviors, thus avoiding predation
(Nuechterlein 1981, Väänänen 2000). For instance, several
studies showed that predation risk increases at increasing distances away from the nest of aggressive or territorial species
such as the snowy owl Bubo scandiacus (Bêty et al. 2001) or
from colonies of mobbing species such as mew gulls Larus
canus (Swift et al. 2018). Alternatively, ‘eavesdropping’ on
alarm calls can reduce the probability of detection by predators (Magrath et al. 2015). Descriptive studies of heterospecific nesting associations are relatively common (Quinn and
Ueta 2008), but few studies have examined the mechanisms
or the costs and benefits of the association to both species (but
see Sládeček et al. 2014). In one example, terns and skimmers
nesting with sand-colored nighthawks Chordeiles rupestris
had reduced hatching success due to increased time spent in
antipredator behaviors and less time in parental care (Groom
1992). Interactions within mixed species colonies range from
parasitic (Groom 1992) to mutualistic (Campobello et al.
2011) to aggregations without clear costs or benefits to species (Mayer and Ryan 1991, Pratte et al. 2016). In this way,
associations may occur due to mutual selection for similar
habitat rather than a social choice.
Interactions among species may vary based on environmental conditions, availability of alternate prey sources or
breeding stage. For instance, nesting near a species displaying a conspicuous and aggressive behavior like the Sabine’s
gull Xema sabini can decrease nest survival of red phalaropes
Phalaropus fulicarius in years of high predation pressure
when alternate prey populations are low (Smith et al. 2007).
Even within a breeding season, predation pressure may
vary based on the type and abundance of predators present
(Alberico et al. 1991) or predator suites may change for eggs
compared to precocial young (Swift et al. 2018). Precocial
young in their first weeks after hatching are highly vulnerable
to predation and may benefit from protection against predators within a protective association (Väänänen et al. 2016) or
may interact with neighboring species differently (Swift et al.
2018). Predators may be more abundant or efficient in alternative habitats, increasing risk (Lecomte et al. 2008). Such
variation in the function of heterospecific breeding associations suggests that such groupings may vary spatio–temporally or may be context dependent (Chamberlain et al.
2014). In short, the benefits of heterospecific associations
may be nuanced and require studies that span entire breeding
seasons across multiple years as well as holistically
examine interactions.
On the Missouri River, USA, two federally listed (under
the U.S. Endangered Species Act) species often nest in close
proximity to one another, but the benefits and/or costs of
these heterospecific nesting colonies is unknown. Piping
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plovers Charadrius melodus (threatened) and least terns
Sternula antillarum (endangered but proposed for delisting)
both nest on open, unvegetated sandbars and shorelines on
river reaches and reservoirs on the Missouri River and least
terns exhibit active defensive behaviors. Piping plovers,
which exhibit passive nest defense, actively chose to nest near
least terns on the Atlantic Coast, and plovers nesting within
colonies of least terns were more successful than plovers nesting outside colonies (Burger 1987). However, on alkali wetlands in North Dakota, survival of artificial piping plover
nests was not improved within American avocet Recurvirostra
americana colonies compared to near solitary avocets (Mayer
and Ryan 1991). However, it was unclear if the absence of a
benefit to nest survival was due to small colonies of avocets,
predator attraction to prey activity or that avocets were ineffective at driving predators away. Whether this heterospecific
association creates any benefits for piping plovers or least
terns is unknown on prairie rivers nor is the potential benefit
of nesting near conspecifics.
In this study, we test the hypothesis that individuals may
benefit from con- and heterospecifics nesting nearby in order
to reduce predation risk during either the nesting or broodrearing stages. We use data on the presence of two migratory
birds across three distinct study areas on the Missouri River
to determine the effect of the presence of other breeding
conspecifics and heterospecifics on nest and chick survival
for both species. We located and followed nests and banded
chicks of piping plovers and least terns to test if conspecific
or heterospecific presence influenced nest and/or chick survival. We then examined how the abundance of both species
at varying distances around a nest might influence nest survival. With this information, we can understand the potential
costs and benefits for individuals nesting near conspecifics
and/or heterospecifics throughout the entire breeding season
as well as the species-specific conservation implications of
these interactions.

Material and methods
Study species

Piping plovers (hereafter plovers) and least terns (hereafter
terns) are migratory species that breed along sandbar and
shoreline habitat of rivers and reservoirs in the U.S. Northern
Great Plains. These breeding populations are both federally
listed under the U.S. Endangered Species Act and habitat
is managed extensively for both species along the Missouri
River. Both species build nests on bare sand or cobble substrate. Piping plovers typically arrive earlier than least terns
and begin nesting in May, while least terns arrive and begin
nesting in mid-June. Piping plovers typically lay clutches
of 4 eggs and least terns typically lay clutches of 2–3 eggs;
the male and female of both species share incubation duties
until hatching occurs (including egg-laying: approx. 35 days
for piping plovers and 21 days for least terns). Piping plover
chicks are precocial, mobile and capable of feeding themselves
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on the day they hatch. In contrast, least tern chicks are semiprecocial, dependent on their parents for food, and not fully
mobile during the first few days following hatch. Both species depend on their parents for thermoregulation during the
first week following hatch and remain with their parents until
fledging (approx. 21 days for piping plovers and 16 days for
least terns). Piping plovers generally exhibit passive defense
against intruders. Generally, one or both plover adults use
distraction displays, feign injury and/or try to lead predators
away from nests and broods (Elliott-Smith and Haig 2004).
Alternatively, least terns exhibit active defense against predators near nests and colonies though the response can vary
with predator type. Adults may desert their nest/chicks if
their own survival is at risk (e.g. from canids) but will call,
dive, attack and mob against predators (Thompson et al.
1997). Defensive behaviors vary with the frequency of
predator intrusions, colony size and nest age (Thompson
et al. 1997).
Study area

Data on least tern and piping plover nests and chicks were
collected on one reservoir and two riverine habitats in the
U.S. Northern Great Plains (Fig. 1). Lake Sakakawea (SAK)
is a mainstem reservoir of the Missouri River (from Garrison
Dam near Riverdale, North Dakota to White Tail Bay, North
Dakota; see Anteau et al. 2014a, b). The reservoir shoreline
habitat was irregular, dissected and composed of a diversity
of substrate types (Anteau et al. 2012a). Lake Sakakawea
shoreline was divided into 545 2-km segments, 254 of which
contained appropriate breeding habitat, of which 20–30 were
randomly sampled annually for data collection prior to 2014
(2007, 2008, 2012–2013) and 40–67 segments were monitored in 2014–2016 (Table 1). The river habitat consisted
of the Missouri River’s Garrison River Reach (GRR) which
extends from the Garrison Dam (river mile 1389) to the
headwaters of Lake Oahe, ~10 km south of Bismarck, North
Dakota (river mile 1277) and the Gavins Point Reach (GVP),
which extends from the Gavins Point Dam (river mile 811)
to Ponca State Park, Nebraska (river mile 754). Nesting
habitat primarily consisted of mid-channel low- to midelevation sandbars with some established woody vegetation
(Sherfy et al. 2008). During 2007, 2012–2013, 24–40 sandbars on GRR were randomly sampled (Shaffer et al. 2013;
Table 1). From 2014 to 2016, 16 additional river miles, near
the headwaters of Lake Oahe, were also surveyed for nesting
birds in addition to the 86 river miles surveyed in previous
years resulting in 44–56 sandbars monitored (Table 1). A
random sample of available sandbars on GVP was monitored
for nesting birds in 2008–2009 (Shaffer et al. 2013). For the
purposes of this study, we refer to both a 2-km shoreline segment on SAK and a sandbar complex on GRR or GVP to
be a ‘site’. On GVP, to mitigate loss of suitable nesting habitat, the U.S. Army Corps of Engineers constructed sandbars
from dredged or excavated sand (3 in autumn 2004 and 3
in autumn 2007) for the benefit of nesting terns and plovers
(Catlin et al. 2011, Sherfy et al. 2012). Naturally occurring

Figure 1. Map of the reservoir (orange) and riverine (red) habitats and Lake Sakakawea, Garrison River Reach, and Gavins Point Reach
study areas on the upper Missouri River (blue).

Table 1. Sample of piping plover and least tern nests and uniquely
marked chicks followed each year on riverine (Garrison River Reach
of the Missouri River: 2007, 2012–2016 and Gavins Point Reach of
the Missouri River: 2008–2009) and reservoir nesting habitat (Lake
Sakakawea: 2007–2008, 2012–2016). Subscripts present the number of river sandbars (Garrison River Reach and Gavins Point Reach)
or 2 km reservoir shoreline segments (Lake Sakakawea) over which
the sample was distributed by species and year.
Year
Garrison River Reach –
2007
2012
2013
2014
2015
2016
Lake Sakakawea –
2007
2008
2012
2013
2014
2015
2016
Gavins Point Reach –
2008
2009

Piping plover
Nests
Chicks

Least tern
Nests
Chicks

19335
5624
13440
27556
29753
28644

35229
17928
24728
24830
23326
13122

9919
5812
6817
14632
14633
13619

16718
13113
15716
15519
9119
8611

10322
9219
8517
11736
13540
15259
15967

9914
11713
24423
19528
11423
15942
21965

91
163
81
146
136
198
206

71
154
101
176
53
124
32

23130
19215

39628
31213

18119
1279

29115
2278

sandbars created during the 1997 flood were also abundant
during this study.
Both species are found in all three study areas, but at
varying abundances. GVP contains the highest abundance
of nesting least terns in the upper Missouri River system
(Shaffer et al. 2013), and it also hosts a large nesting population of piping plovers. Least terns nest in low numbers at only
a few sites on SAK and GRR hosts moderate numbers of both
species. In addition, all three study areas have experienced
significant water-level fluctuations during this study due to
a combination of climate variability and water management.
SAK experienced relatively low water levels in the early 2000s
prior to the historic 2011 flood (Anteau et al. 2019), which
eliminated nearly all nesting habitat for the entire Missouri
River system that year. Thus, habitat availability and therefore breeding bird abundance, varies each year.
Field methods

Crews of 2–3 researchers searched all available nesting habitat in the annual sample of reservoir and riverine sites. Nest
searching for piping plover and least tern nests occurred
approximately twice a week per site throughout the breeding
season (May–July). Crews searched for nests using a combination of behavioral searching (in which crews observed
adult behaviors to find nests) and grid searching (in which
crews made grid-like-sweeps across expansive stretches of
sandbar or shoreline habitat, Shaffer et al. 2013). Once a nest
was found, researchers floated eggs to determine incubation
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stage and estimate the hatch date. Additionally, researchers
recorded the number of eggs present, the identities of banded
adults associated with the nest and the GPS location (see
Shaffer et al. 2013 and Anteau et al. 2019 for more detailed
discussion). Nests were revisited 2–3 times a week until termination; on the terminal visit, researchers collected evidence around the nest bowl and recorded the fate of the nest.
Possible nest fates included: successful, probable successful,
failed and unknown. Nests were classified as ‘successful’ only
if at least one live chick was found in the nest bowl. ‘Probable
successful’ nests lacked live chicks in the nest bowl and therefore required multiple other pieces of evidence of hatching
(i.e. eggshells, pipping fragments, chick droppings or tracks).
For the purpose of our analysis, probable successful nests and
successful nests were both considered ‘successful’ (i.e. having
hatched; see Shaffer et al. 2013 and Anteau et al. 2019 for
more detailed discussion).
When possible, chicks of both species were banded in the
nest bowl; if older and more mobile, chicks were banded following capture by hand or with butterfly nets. Researchers
assigned chicks estimated ages based on plumage and skeletal
development. Least tern chicks were banded with a USGS
stainless steel metal band on the lower leg and 1) either a
unique combination of three plastic color bands (2007–
2009, 2012) or 2) a yellow alphanumeric Darvic band on
the lower leg opposite the metal band (2013–2016). Piping
plover chicks on GRR and SAK were banded with a USGS
aluminum metal band on the upper leg and either 1) a
unique combination of four plastic color bands on the lower
legs with a yellow plastic flag on the upper leg opposite the
metal band (2007–2008, 2012) or 2) a single yellow alphanumeric Darvic flag on the upper leg opposite the metal band
(2013–2016). Piping plovers on GVP were banded with a
green plastic flag on the upper leg and a unique combination of 2–3 color bands (2008–2009). Sites with uniquely
banded chicks were visited 2–3 times a week by researchers
until chicks fledged (i.e. were capable of flight). Researchers
used binoculars, spotting scopes, digital cameras and opportunistic recaptures to resight unique band combinations of
chicks (see Roche et al. 2014 for more detailed discussion).
Individual covariates

We were interested in determining what effect the presence
of breeding piping plovers and least terns had on the daily
nest and chick survival of both species. For each nest and
chick included in our analysis, we created occasion-specific
individual covariates that represented if any piping plovers
(pp – ‘plovers present’) or least terns (tp – ‘terns present’)
were present during the survival interval of interest (Table 2).
To approximate heterospecific breeding presence, we used the
following line of reasoning: we considered breeding individuals of species A to be ‘present’ if nests or chicks of species A
were active at the same site and during the same time period
as the nest or chicks of species B for which we were estimating survival. For example, when estimating least tern nest
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survival (i.e. species B) in relation to the presence of piping
plovers (i.e. species A), for each least tern nest in our sample,
we determined whether or not any piping plover nests or
chicks were present at the same site and during the time the
least tern nest was active.
Approximating conspecific breeding presence required an
additional set of assumptions. Clearly, at least one breeding
piping plover was already present at a site if we were estimating piping plover nest or chick survival at that site. Instead, we
were interested in whether there were any additional breeding
individuals. We again considered breeding individuals of species B to be ‘present’ if nests or chicks of species B were active
at the same site and during the same time period as the nest
or chicks of species B for which we were estimating survival.
However, when using chicks to assume the presence of breeding individuals of species B, we assumed presence only if the
number of chicks indicated more than one brood of species
B was active at a site. The average brood size for least terns
and piping plovers is 3 and 4 chicks, respectively. Thus, if
more than 2 least tern chicks or 3 piping plover chicks were
present at a site, we considered this evidence for the presence
of other breeding adults of species B. Observations of 3 tern
or 4 plover chicks occurred infrequently (4 and 11% of daily
observations, respectively).
Whether or not least terns or piping plovers nested or
raised chicks at a specific ‘site’ of interest was admittedly a
crude description of species presence. For example, a 2 km
stretch of reservoir shoreline or a large sandbar on the river
could support nests and chicks of both species, but their
placement could be sufficiently far apart that they would not
be likely to interact. GPS locations of the mobile chicks were
not routinely taken when resighting in all study areas and
years, so when estimating chick survival in relation to species presence, presence at the ‘site’ level was the best information available. However, GPS locations were available for
all nests monitored, allowing us to examine species presence
at a level more reflective of the distance at which we would
expect species to interact. To test this, we generated the number of active least tern and piping plover nests within varying
distances of the focal nest (5, 10, 50, 100, 200 and 500 m).
For each nest included in our analysis, we created individual
covariates that represented the number of active piping plover and least tern nests present within each radius of the nest
during the period the nest was active. Each circle overlapped
and included the number of nests active in the smaller circles.
For example, when estimating least tern nest survival in relation to the number of piping plovers within 100 m, for each
least tern nest in our sample, we calculated the number of
active piping plover nests within 100 m of the least tern nest
at any point during the period in which the least tern nest of
interest was active. In addition to providing us with a behaviorally significant measure of species presence, the individual
buffer covariates allowed us to explore con- and heterospecific abundance effects at varying scales.
Lastly, for SAK and GVP, we included an additional variable that has been previously shown to affect nest survival.

Table 2. Explanation of covariates and mean values (SD) used for nest survival analyses by species (PIPL = piping plover, LETE = least tern)
and study area. Nesting habitat type (River = sandbars and shorelines along a river reach; Reservoir = shorelines of reservoirs or lakes).
Sandbar type was only used on Gavins Point Reach, the only study area with constructed sandbars, and elevation over pool level was only
used on the reservoir habitat (Lake Sakakawea).
Garrison River Reach
PIPL
LETE
Nesting habitat
Piping plover present
at nest visit
Days present (pp = 1)
Days not present
(pp = 0)
tp
Least tern present at
nest visit
Days present (tp = 1)
Days not present
(tp = 0)
pn100
Mean number of
plover nests within
100 m
tn100
Mean number of tern
nests within 100 m
pn500
Mean number of
plover nests within
500 m
tn500
Mean number of tern
nests within 500 m
Year
Year a nest was
initiated or a chick
hatched
Sandbar type – constructed: number
of nests
Sandbar type – natural: number of nests
Elev
Mean daily elevation
above pool level
Age
Mean age in days
(±SD days)
nest at discovery
Date
Mean seasonal date
(±SD days)
nest at initiation

Lake Sakakawea
PIPL
LETE

River

Gavins Point Reach
PIPL
LETE

Reservoir

River

pp

4441
648

1774
96

2433
776

234
54

2931
170

1293
45

2761
2328

1723
147

346
2863

250
38

2162
939

1308
30

1.6 (1.8)

2.2 (1.9)

1.3 (2.5)

1.9 (1.5)

3.3 (3.2)

2.8 (2.1)

1.5 (2.3)

3.1 (2.6)

0.3 (1.2)

3.7 (2.8)

2.8 (3.0)

3.8 (2.8)

5.8 (4.4)

5.7 (3.9)

5.1 (5.6)

3.9 (4.3)

15.7 (10.4)

12.7 (8.4)

4.1 (4.6)

6.9 (4.6)

0.6 (1.7)

4.3 (2.9)

12.6 (11.3)

16.9 (10.8)

2007, 2012–2016
–

–

–
–

–
–

2007–2008, 2012–2016
–

–

–
1.65 (1.54)

–
0.77 (1.02)

2008–2009
332

278

91
–

30
–

8.3 (7.3)

5.9 (5.4)

11.4 (8.4)

6.9 (5.7)

4.5 (5.6)

3.30 (3.5)

31 May (16)

16 Jun (12)

23 May (14)

23 Jun (12)

31 May (15)

12 Jun (12)

On GVP, we created a categorical variable that represented
if the sandbar had been created naturally by high flows on
the Missouri River in 1997 or constructed by the U.S. Army
Corps of Engineers in the mid-2000s (Sherfy et al. 2008),
as constructed sandbars have higher nest survival for piping plovers (Catlin et al. 2011) and nest success for least
terns (Sherfy et al. 2012, Stucker et al. 2013). On SAK, we
calculated an interval-specific relative elevation above the
reservoir pool elevation (using a hyperbolic tangent transformation) because low-elevation nests are prone to inundation
(Anteau et al. 2012b). From 2007 to 2014, we measured nest
elevation using a 1) rotating laser level (LaserMark LMH-GR)
relative to a nearby temporary elevation benchmark or 2)
real-time kinematic survey. We measured benchmark elevations annually with survey-grade GPS equipment (Trimble
GPS model 5800 and 5700) using fast-static data collection
>120 min, National Geodetic Survey OPUS-static processing (National Oceanic and Atmospheric Administration,
Washington, DC). When nest elevation was not measured

in the field, it was derived from a digital elevation model for
the GPS coordinates of the nest (all 2007–2008 least terns,
all 2015–2016 nests for both species).
Analysis

We conducted all analyses separately for each study area
and species because 1) we had adequate sample sizes within
each study area to support independent analyses and 2) we
believed a priori that differences in causes of reproductive
failure or nesting abundance and distribution of breeding
effort may have an effect on our results.
Nest survival

We built logistic-exposure models to estimate daily nest survival (Shaffer 2004) using program R (ver. 3.5.0, <www.rproject.org>). We calculated visit interval as the number of
days between nest visits. The terminal visit date was either
the known hatch date for the nest or the date the nest was
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known by our observers to have failed. We determined nest
initiation dates (NID) using the visit date the nest was discovered (visit), the number of eggs at nest discovery (eggs),
the incubation stage at nest discovery (stage) and the following formulas:
NIDPIPL = visit - ( ( eggs - 1) ´ 2 ) - stage
and
NIDLETE = visit - ( eggs - 1) - stage
We then estimated hatch dates for least tern nests by adding 21 days to the estimated initiation date and for piping
plover nests by adding 35 days to the estimated initiation
date. When building models to estimate daily nest survival,
we controlled for the effects of nest age (age), seasonal date
(date) and year (Table 2).
We followed a step-wise model selection process for each
unique combination of study area and species (i.e. a total of
six separate nest survival analyses). The first step was to build
and compete models accounting for additive and interactive effects of seasonal date and nest age. For SAK and GVP,
we competed our additional covariates (relative elevation or
sandbar type, respectively) in this first step. Using the topsupported model from this first step (i.e. model with the lowest AICc), we then added the year covariate and examined
the interactive relationships date × year and age × year when
applicable. After controlling for year, age, date, relative elevation and sandbar type where appropriate, the third model
selection step involved adding our individual covariate representing the presence of least terns (tp) and piping plovers
(pp), to the top supported model from the second model
selection step. By adding the tp and pp covariates, we were
able to estimate nest survival in relation to four scenarios: 1)
breeding plovers and terns both present, 2) breeding plovers
present but no terns present, 3) no breeding plovers present but terns present and 4) no breeding plovers or terns.
We considered the top model from this third model selection
step to be our best model of the effect of heterospecific presence on nest survival. If multiple models fell within seven
AIC of the best supported model, we evaluated 85% confidence intervals (CI) to determine if the addition of presence
parameters was warranted (Arnold 2010, Burnham et al.
2011). Daily nest survival estimates were generated from
our top-supported models with covariates set at their mean
values (Table 2).
To investigate the effects of con- and heterospecific nest
abundance on nest survival, we repeated the model selection
process of our third step, but used our individual covariates
accounting for the number of plover and tern nests within
the varying distance buffers of the nest (5, 10, 50, 100, 200
and 500 m) in place of the individual covariates measuring species presence at a site (i.e. covariates pp and tp). We
included both the number of plover and tern nests to account
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for con- and heterospecific effects concurrently. We tested
each of these distances against each other and our presence
model. We considered models that fell within seven AIC of
the best supported model as competitive and evaluated 85%
CI to determine our best model of the effect of abundance on
nest survival (Arnold 2010, Burnham et al. 2011).
Chick survival

We built Cormack–Jolly–Seber models to estimate daily
chick survival (φ) and detection (p) using program MARK
(White and Burnham 1999) and the package ‘RMark’ (ver.
2.5.5; Laake 2013) in program R. We constructed 30-day
age-structured capture histories for both least tern and piping
plover chicks. When constructing capture histories, we used
‘1’ to represent the detection of a chick at a specific site at a
specific age. We distinguished between days a chick was not
detected (‘0’) and days a chick could not have been detected
because the site at which it was located was not visited (‘.’).
Chick age was estimated at banding, and the first appearance of a chick in the capture history (i.e. the first ‘1’) corresponded with the age it was estimated to be on the day
of banding.
Because the availability of chicks to be resighted changes
with the ability to fly (i.e. they may no longer be present at
their hatch site during a visit), we parameterized all models for
survival and detection accounting for this difference between
prefledge and postfledge periods. We constructed two individual and occasion-specific dummy covariates (i.e. two separate intercepts): prefledge and postfledge. All least tern chicks
received a ‘1’ for prefledge from 1 to 16 days of age and a ‘0’
for days 17–30, for postfledge the chicks received a ‘0’ from 1
to 16 days of age and a ‘1’ for days 17–30. All piping plover
chicks received a ‘1’ for prefledge from 1 to 21 days of age
and a ‘0’ for days 22–30, for postfledge the chicks received a
‘0’ from 1 to 21 days of age and a ‘1’ for days 22–30. We were
interested in estimating survival and the factors influencing
survival during the period prior to fledging, so we automatically built interactions with prefledge when adding subsequent covariates to parameterize models of φ and p. For each
unique combination of study area and species (i.e. a total of
six separate chick survival analyses), we estimated overdispersion using our most highly parameterized models of φ and p
and the median c-hat test in program MARK.
Similar to our analysis of nest survival, we followed a stepwise model selection process. Because an understanding of
the factors influencing chick detection was not our primary
objective, our first step in this case was to determine our bestsupported model for detection probability (Lebreton et al.
1992). For each chick survival analysis, we parameterized
our model of apparent survival as φ(prefledge × year + prefledge × year × age + postfledge) and then competed the
following parameterizations for detection probability: 1)
prefledge + postfledge, 2) prefledge + prefledge × age + postfledge, 3) prefledge × year + prefledge × age + postfledge, 4)
prefledge × year + prefledge × age × year + postfledge and 5)
prefledge × year + postfledge. We considered the model with

the parameterization of detection probability yielding the
lowest QAICc (i.e. quasi-AICc or AICc corrected for small
sample-size and overdispersion) the best-supported model of
detection. We used this parameterization for detection probability when fitting and competing all subsequent models for
apparent survival.
The second step was to build and compete model parameterizations for φ accounting for additive and interactive
effects of seasonal date and chick age. Using the top-supported model (i.e. lowest QAICc) from this second step, for
our third step we then built and competed models accounting for annual differences in chick survival. Due to low sample sizes, we did not examine the interactive relationships
date × year and age × year. After controlling for year, age
and date where appropriate, the fourth model selection step
involved adding both of our individual covariate representing
the presence of least terns (tp) or piping plovers (pp). Because
of limited sample sizes for some years and study areas, we
additionally examined models with only tp and only pp. This
meant we did not consider all four scenarios from the nest
survival analysis in all cases due to data limitations. We considered the top model from this third model selection step
to be our best model of heterospecific presence on chick survival. Again, if the addition of the presence variables did not
improve model fit by seven AIC, we then evaluated 85% CI
to determine our best model (Arnold 2010, Burnham et al.
2011). Daily survival estimates were generated from our topsupported models with covariates set at their mean values
(Table 3) for the prefledging period.
We generated figures of cumulative nest survival to hatch
and cumulative chick survival to fledge using daily survival
estimates from our top-supported models. When present,
daily survival estimates were generated with covariates set at
their mean values (Table 1). To estimate cumulative survival
to hatch, we assumed an incubation period of 21 days for least
tern nests and an incubation period of 35 days for piping plover nests. We computed cumulative chick survival to fledging
by taking the product of daily chick survival estimates out to
16 days for least tern chicks and out to 21 days for piping plover chicks. We used the delta method (‘msm’ package available in program R), daily survival rates generated at mean
covariate values, and their associated variance-covariance
matrices, to estimate cumulative survival rates and their associated 95% confidence envelopes. We used a log-odds transformation of the daily survival probability (Armstrong et al.
2002) to compute associated 95-percent confidence intervals
to ensure estimates were bounded between 0 and 1.

Results
Piping plovers
Nest survival

We estimated piping plover nest survival on GRR using a
sample of 1241 piping plover nests that were distributed over

24–56 sandbar sites during 2007 and 2012–2016 (Table 1).
On SAK, our sample of piping plover nests numbered 843,
and was annually distributed over 25–67 2 km shoreline sites
during 2007–2008 and 2012–2016 (Table 1). On GVP, we
analyzed 423 nests on 15–30 sandbar sites during 2008–2009
(Table 1). While samples were annually variable, least terns
were present at 40–59% of piping plover nest sites on the
river reaches (GRR and GVP) and 2–27% of piping plover
nest sites on the reservoir (Supplementary material Appendix
1 Fig. A1). Other piping plovers were present at 67–94% of
piping plover nest sites on the river reaches and 55–82% of
nest sites on the reservoir (Supplementary material Appendix
1 Fig. A1). The mean number of least tern nests within
500 m of a piping plover nest was higher on the river reaches
than on the reservoir (Table 2, Supplementary material
Appendix 1 Fig. A2).
Piping plover nest survival varied by date and nest age
in all three study areas (Supplementary material Appendix
1 Table A1–A3). As the season progressed, the survival
of piping plover nests decreased in all study areas but was
annually variable on GRR and SAK (GRR: mean annual
βdate = −0.036 ± 0.453 SD; SAK: mean annual βdate = −0.142
± 0.260 SD; GVP: mean annual βdate = −0.132 ± 0.121
SD). Although the effect of nest age on nest survival was
annually variable, nest survival generally increased with nest
age (GRR: mean annual βage = 0.431 ± 0.597 SD; SAK:
mean annual βage = 0.181 ± 0.289 SD; GVP: mean annual
βage = 0.409 ± 0.106 SD). On SAK, the effect of relative
elevation of the nest varied annually but generally nests that
were farther from the reservoir pool elevation had higher
nest survival (mean annual βelevation = 0.910 ± 1.994 SD), and
on GVP, constructed sandbars had improved nest survival
(βsandbar type = 4.033 ± 0.010 SE) compared to natural sandbars (βsandbar type = 3.730 ± 0.167 SE). In all three study areas,
piping plover nest survival was positively associated with the
presence of least terns (Fig. 2, Table 4, Supplementary material Appendix 1 Fig. A3). Daily and cumulative nest survival
was lowest in all three study areas when only plovers were
present (Fig. 2, Table 4, Supplementary material Appendix 1
Fig. A3). On GRR and SAK, nests that had neither plovers
nor terns present had the highest daily and cumulative nest
survival (Fig. 2, Table 4, Supplementary material Appendix 1
Fig. A3). On the river reaches and the reservoir, the odds of a
piping plover nest surviving were 2.3 (GRR), 3.6 (GVP) and
1.3 (SAK) times higher on days during which breeding least
terns were present (Fig. 2, Supplementary material Appendix
1 Fig. A3).
On both GRR and GVP, the number of both least tern
and piping plover nests within 500 m of a piping plover nest
was better than the simple presence of breeding least terns
or other plovers on the site level at explaining daily nest survival (Supplementary material Appendix 1 Table A4–A6).
Piping plover nest survival on GRR was positively associated
with the number of least tern nests (βtn500 = 0.145 ± 0.019
SE, Fig. 3a) and other piping plover nests within 500 m
(βpn500 = 0.045 ± 0.014 SE, Fig. 3a). Piping plover nest
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Table 3. Explanation of covariates and mean values (SD) used for chick survival analyses by species (PIPL = piping plover, LETE = least tern)
and study area.

pp

tp

Year
Age
Date

Piping plover present
at site visit
Days present (pp = 1)
Days not present (pp = 0)
Least tern present at
site visit
Days present (tp = 1)
Days not present (tp = 0)
Year a chick hatched
Mean age in days
(±SD days)
Chick age at banding
Mean seasonal date
(±SD days)
Estimated date chick
hatched

Garrison River Reach
PIPL
LETE

Lake Sakakawea
PIPL
LETE

11771
123

6965
236

5394
806

7031
6090
4863
110
2007, 2012–2016

285
113

723
380
6478
18
2007–2008, 2012–2016

PIPL

Gavins Point Reach
LETE

10024
32

5794
248

8310
6006
1746
36
2008–2009

3.9 (4.7)

3.5 (4.2)

5.8 (5.7)

2.4 (3.1)

1.9 (2.4)

1.8 (2.0)

01-Jul (14)

04-Jul (8)

18-Jun (13)

13-Jul (9)

30-Jun (13)

01-Jul (10)

survival on GVP was positively associated with the number
of least tern nests within 500 m (βtn500 = 0.123 ± 0.016 SE,
Fig. 3b) but was not associated with the number of piping
plover nests (βpn500 = −0.001 ± 0.001 SE, Fig. 3b).

Chick survival

During 2007 and 2012–2016, we uniquely banded 1390 piping plover chicks on 22–30 sandbar sites on GRR to estimate
chick survival. On SAK, we uniquely banded 1147 piping

Figure 2. Daily nest survival to hatching (35 days) of piping plover nests on (A) the Garrison River Reach, (B) Lake Sakakawea, and (C)
Gavins Point Reach relative to the presence of other piping plovers and least terns during the nesting period by date. Shaded polygons
represent 95% confidence envelopes for the predicted daily apparent survival values for nest survival when terns and plovers were both present (red), when only other plovers were present (yellow), only terns were present (blue) and when no terns nor other plovers were
present (black). Daily nest survival estimates were generated using the top-supported model with covariates set to their mean values (A)
[S(pp:tp + age × year + date × year)], (B) [S(pp:tp + age × year + date × year + elevation × year)], and (C) [S(pp:tp + age × year + date ×
year + sandbartype × year)].
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Table 4. Mean cumulative nest survival and 95% confidence intervals (CI) for each species (PIPL = piping plover, LETE = least tern) and study
area for the four con- and heterospecific scenarios.
Cumulative nest survival

95% CI

PIPL

Garrison River Reach

No terns or plovers
Terns but no plovers
Plovers but no terns
Plovers and terns

0.64
0.54
0.27
0.53

(0.57, 0.71)
(0.44, 0.62)
(0.18, 0.40)
(0.44, 0.61)

PIPL

Lake Sakakawea

No terns or plovers
Terns but no plovers
Plovers but no terns
Plovers and terns

0.81
–
0.70
0.80

(0.78, 0.84)
–
(0.65, 0.75)
(0.77, 0.84)

PIPL

Gavins Point Reach

No terns or plovers
Terns but no plovers
Plovers but no terns
Plovers and terns

0.75
0.85
0.37
0.75

(0.69, 0.81)
(0.80, 0.89)
(0.25, 0.51)
(0.69, 0.81)

Garrison River Reach

No terns or plovers
Terns but no plovers
Plovers but no terns
Plovers and terns

0.55
0.72
0.65
0.82

(0.44, 0.65)
(0.63, 0.79)
(0.57, 0.72)
(0.79, 0.85)

LETE

No significant effects of con- or heterospecifics for LETE on Lake Sakakawea or Gavins Point Reach.

plover chicks on 18–65 2 km shoreline sites during 2007–
2008 and 2012–2016. On GVP in 2008–2009, we uniquely
banded 708 piping plover chicks on 13–28 sandbar sites
(Table 1). As with our sample of nests, on the river reaches,
more piping plover chicks were banded at sites where least
terns were present, while on the reservoir more piping plover
chicks were banded at sites where least terns were not present
(Table 3). Breeding least terns were present at 53–95% of
all piping plover chick hatch sites on the river reaches, while
on the reservoir, breeding least terns were present at 2–28%
of all piping plover chicks hatch sites (Supplementary material Appendix 1 Fig. A4). Other breeding piping plovers were
present at nearly all (85%) piping plover chick hatch sites on
the river reaches and the reservoir (Supplementary material
Appendix 1 Fig. A4).
Piping plover chick survival to fledging varied by year
on both the river reaches and the reservoir (Supplementary
material Appendix 1 Table A7–A9). On the river reaches, we
found that piping plover chick survival was associated with
chick age (GRR: mean annual βage = −0.420 ± 0.747 SD,
Supplementary material Appendix 1 Table A7; GVP: mean
annual βage = 0.035 ± 0.022 SD, Supplementary material
Appendix 1 Table A9) and with date (GRR: mean annual
βdate = −0.020 ± 0.044 SD, Supplementary material Appendix
1 Table A7; GVP: mean annual βdate = 0.009 ± 0.037 SD,
Supplementary material Appendix 1 Table A9). In contrast,
we found the survival of piping plover chicks on the reservoir
to be unrelated to date or chick age (Supplementary material
Appendix 1 Table A8). Piping plover chick survival was positively associated with the presence of least terns on GRR and
SAK, but only marginally on GVP (Table 5, Supplementary
material Appendix 1 Table A7–A9). The presence of other
piping plovers did not influence piping plover chick survival

in any study area (Supplementary material Appendix 1 Table
A7–A9). The odds of a piping plover chick surviving were
1.5 and 2.0 times higher on days when breeding least terns
were present on their brood rearing areas at GRR and SAK,
respectively, than on days when they were not (Fig. 4).
Least terns
Nest survival

We estimated nest survival for 653 least tern nests annually distributed over 12–33 sandbar sites on GRR during
2007 and 2012–2016. On SAK, our sample of least tern
nests totaled 99 and was annually distributed over 1–8 2 km
shoreline sites during 2007–2008 and 2012–2016. On GVP
in 2008–2009, we followed 308 least tern nests on 9–19
sandbars (Table 1). In all years, piping plovers were present
at the sites of 88–99% of our sample of least tern nests on
the river, and 45–100% on the reservoir (Supplementary
material Appendix 1 Fig. A5). Other least terns were present at 84–97% of all least tern nest sites on the river and
73–100% of all nest sites on the reservoir (Supplementary
material Appendix 1 Fig. A5). The mean number of piping
plover and other least tern nests within 500 m of a least tern
nest was highest for GVP (Table 2, Supplementary material
Appendix 1 Fig. A2).
Daily survival rates of least tern nests on GRR varied
annually and were negatively associated with nest age (mean
annual βage = −0.195 ± 0.714 SD, Supplementary material
Appendix 1 Table A10). On SAK and GVP, daily nest survival rates varied with nest age (SAK: βage = −0.911 ± 0.287
SE, Supplementary material Appendix 1 Table A11; GVP:
βage = 0.726 ± 0.241 SE, Supplementary material Appendix
1 Table A12) and with date (SAK: βdate = 0.587 ± 0.292 SE,

1513

Figure 3. Daily nest survival for 10-day old piping plover nests on the (A) Garrison River Reach and (B) Gavins Point Reach relative to the
number of other piping plover or least tern nests found within 500 m of the nest. Shaded polygons represent 95% confidence envelopes for the
predicted daily apparent survival values. Daily nest survival estimates were generated using the top-supported model with covariates set to
their mean values (A) [S(tn500 + pn500 + age × year + date × year)] and (B) [S(tn500 + pn500 + age × year + date × year + sandbartype × year)].

Supplementary material Appendix 1 Table A11; GVP:
βdate = −0.469 ± 0.193 SE, Supplementary material
Appendix 1 Table A12).
Least tern nest survival was not associated with the presence of piping plovers at the site level on SAK or GVP
(Supplementary material Appendix 1 Table A11–A12) but
was positively associated with piping plover presence on GRR
(Supplementary material Appendix 1 Table A10). Least tern
nests on GRR that had neither species present at the site had
the lowest daily and cumulative nest survival (Fig. 5, Table 4).
The odds of a least tern nest surviving were 2.1 times higher
on days when breeding piping plovers were present than on
days when they were not on GRR (Fig. 5). Daily nest survival
rates for least tern nests on GRR were positively associated
(βpn100 = 0.165 ± 0.076 SE) with the number of piping plover
nests within 100 m of the nest (Fig. 6, Supplementary material Appendix 1 Table A13), but we found no relationship

with the number of other breeding least terns within 100 m
(βtn100 = 0.010 ± 0.051 SE).
Chick survival

During 2007 and 2012–2016, we uniquely banded 787
least tern chicks on 11–19 sandbar sites on GRR to estimate
chick survival. On SAK, we uniquely banded 69 least tern
chicks on 1–6 2 km shoreline sites during 2007–2008 and
2012–2016. On GVP between 2008 and 2009, we uniquely
banded 518 least tern chicks on 8–15 sandbars (Table 1). In
nearly all cases, breeding piping plovers and least terns were
present at the hatch sites of least tern chicks (Supplementary
material Appendix 1 Fig. A6).
We found support for annual variation in daily survival
rates for least tern chicks hatched on the river reaches but
not for those hatched on the reservoir (Supplementary material Appendix 1 Table A14–A16). On GRR, the magnitude

Table 5. Mean cumulative chick survival to fledge and 95% confidence intervals (CI) for each species (PIPL = piping plover, LETE = least tern)
and study area.
Cumulative chick survival

95% CI

PIPL

Garrison River Reach

Plovers but no terns
Plovers and terns

0.30
0.46

(0.24, 0.36)
(0.41, 0.51)

PIPL

Lake Sakakawea

Plovers but no terns
Plovers and terns

0.27
0.46

(0.23, 0.32)
(0.34, 0.58)

Gavins Point Reach

Terns but no plovers
Plovers and terns

0.40
0.48

(0.22, 0.61)
(0.40, 0.57)

LETE

Only locations with significant con- and heterospecific parameters shown.
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Figure 5. Daily nest survival to hatching (21 days) of least tern nests
on the Garrison River Reach relative to the presence of piping plovers and other least terns during the nesting period. Shaded polygons represent 95% confidence envelopes for the predicted daily
apparent survival values for nest survival when terns and plovers
were both present (red), when only plovers were present (yellow),
only other terns were present (blue) and when no other terns nor
plovers were present (black). Daily nest survival estimates were generated using the top-supported model with covariates set to their
mean values [S(pp:tp + age × year)].

Figure 4. Daily survival to fledging age of piping plover chicks (21
days) hatched on the (A) Garrison River Reach and (B) Lake
Sakakawea during 2013. Shaded polygons or lines represent 95%
confidence envelopes for the predicted daily apparent survival values. Daily chick survival estimates were generated using the topsupported model with covariates set to their mean values (A)
[φ(tp:prefledge + age:year:prefledge + date:year:prefledge + year:
prefledge+postfledge), p(prefledge:age × year + prefledge:year +
postfledge)], and (B) [φ(tp:prefledge + year:prefledge + postfledge),
p(prefledge:age+prefledge:year + postfledge)].

and direction of the relationship between chick survival
and date was annually variable. In general, least tern chick
survival was positively associated with date (mean annual
βdate = 0.030 ± 0.106 SD, Supplementary material Appendix
1 Table A14). On the reservoir, least tern chick survival
was negatively associated with chick age (βage = −0.094 ±
0.085 SE, Supplementary material Appendix 1 Table A15).
On GVP, least tern chick survival was not associated with

either chick age or date but did vary annually (Table 5,
Supplementary material Appendix 1 Table A16).
Least tern chick survival was only marginally associated with
the presence of piping plovers and positively associated with
other least terns on GRR (Supplementary material Appendix
1 Table A14). No relationship was found on SAK, where least
tern colonies are small and infrequent (Supplementary material Appendix 1 Table A15). On GVP, least tern chick survival
was positively associated with the presence of piping plovers
and least terns (Table 5, Supplementary material Appendix
1 Table A16). The odds of a least tern chick surviving were
1.8 times higher on days when breeding piping plovers were
present than on days when they were not on GVP (Fig. 7).

Discussion
The heterospecific breeding association between piping plovers and least terns on the Missouri River was mutualistic but
asymmetric and was moderated by habitat and abundance
of conspecifics. In addition, it varied among years and across
breeding stages. Overall, piping plover nest and chick survival
were improved by the presence of least terns. The interaction
between species was asymmetric with plovers gaining a larger
benefit from the association than terns. Least terns nesting
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Figure 6. Daily nest survival for 10-day old least tern nests on the
Garrison River Reach relative to the number of piping plover or
other least tern nests found with a 100 m of the nest. Shaded polygons represent 95% confidence envelopes for the predicted daily
apparent survival values. Daily nest survival estimates were generated using the top-supported model with covariates set to their
mean values [S(tn100 + pn100 + age × year)].

on river reaches also benefited from the presence of piping
plovers and least terns in either the nest or brood-rearing
stage depending on study area. Interestingly, the presence of
conspecifics had mixed results for nesting piping plovers with
the abundance of other breeding piping plovers only beneficial on GRR. While there was a general pattern of mutualism in this heterospecific breeding association, the nuanced
response among breeding contexts suggests that other, nonconsidered, parameters may interact with these patterns.
Both piping plovers and least terns benefited from nesting in mixed species colonies. While this benefit varied, it
was mutualistic in most contexts we evaluated; however, the
mechanism driving the survival benefits is still unknown.
One possibility is that plovers benefit from active protection
from mutual predators by terns, which exhibit active defense
contrary to plovers (Quinn and Ueta 2008). Terns can effectively discourage avian predators, which are common along
the river reaches (Thompson et al. 1997). Alternatively, individuals may use the alarm calls of both con- and heterospecifics as an early warning system of approaching predators.
Both species could use the colony to glean information on
the presence of nearby predators to allow them to engage
in defensive behaviors or behaviors that reduce detection of
nests or chicks (Nuechterlein 1981, Doligez et al. 2002). One
additional possibility is that individuals are benefiting from
a group size effect – either through dilution or saturation
(Hamilton 1971). Colonies below a certain density threshold
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Figure 7. Daily survival to fledging age of least tern chicks (16 days)
hatched on the Gavins Point Reach. Lines represent 95% confidence envelopes for the predicted daily apparent survival values.
Daily chick survival estimates were generated using the
top-supported model with covariates set to their mean
values [φ(tp:prefledge + year:prefledge + postfledge), p(prefledge:
age + prefledge:year + postfledge)].

could attract predators, but not offer sufficient protection,
and large colonies may attract more predators leading to an
optimal middle colony size (Brunton 1999). This may be true
for least terns, which had low daily nest survival when neither species was present and when nearby abundances were
low; however, plover nests that were alone had high survival
– suggesting that plovers may actually suffer some costs to
aggregating. Thus, further study is needed to identify the
mechanisms that drive the association between nesting plovers and terns on the Missouri River.
Contrary to expectations for a colonial, mobbing species, we found few benefits of nesting near conspecifics for
least terns. For the two river reaches, the presence of other
breeding least terns moderately improved nest and/or chick
survival; however, there was no effect for the reservoir habitat
during either breeding stage. Least terns nest on SAK in low
numbers and in only a few areas. Likely, the abundance of
nesting least terns on SAK is too low to be effective at dissuading predators – similar to on the Atlantic coast where
small colonies fail (Brunton 1999). In general, however, variation in colony size of least terns appears unimportant on
the Missouri River during incubation unless neither species is
present (Brown et al. 1990). Terns nest in loose semi-colonial
groups along prairie rivers rather than dense colonies seen
on the Atlantic coast (Thompson et al. 1997). One possible
mechanism for our results is that two adult least terns provide adequate protection of their own nest in generally loose
aggregations, especially when nests are rarely unattended.

In contrast, their semi-precocial chicks are mobile after a few
days and may be spread apart with parents both absent foraging, so individuals may benefit to join in antipredator behaviors as young from multiple family groups may merge or the
location of their brood is unknown. In this way, the stage
of breeding may moderate the benefits of associating with
other individuals as has been seen with ducks and shorebirds
nesting near gulls (Väänänen et al. 2016, Swift et al. 2018).
As such, the benefit for nesting in conspecific aggregations
for least terns appear to be context-dependent and is most
pronounced during the brood-rearing period.
The presence of other nesting piping plovers had mixed
results on piping plover nest survival. On GRR, the presence and abundance of piping plover nests within 500 m
improved daily nest survival; whereas, on GVP, it had no
effect. On SAK, reduced nest survival when conspecifics
were present may be the result of conspecific competition
or due to differences in habitat that allowed for plovers to
nest in closer proximity. Predator suites are likely different on
reservoirs compared to river reaches, which appear to have
more avian predators, though little is known about predator
communities on reservoirs (Kruse 1993, Andes et al. 2019).
When reservoir levels are low, habitat can be highly abundant
which may reduce predation risk. Further, reservoirs often
see a mid-summer water level rise which inundates nests
(Anteau et al. 2012b), which rarely occurs on river reaches
(Swift et al. 2020a). Overall, predation may not be as large
of a risk for plovers nesting on reservoirs than river reaches.
Competition for food or nesting sites would be elevated if
the abundance or density of plovers was high (Mouton and
Martin 2018). However, GRR had a similar count of conspecifics within 500 m as SAK but much lower than GVP (mean
abundance of other piping plover nests; GRR: 5.79; SAK:
5.12; GVP: 15.7). In all three study areas, the mean number
of other piping plover nests within 500 m is roughly twice
as high when terns are present (GRR: no terns = 3.57, terns
present = 6.85; SAK: no terns = 4.67, terns present = 8.03;
GVP: no terns = 10.7, terns present = 16.8) although GRR
has lower counts than SAK and GVP. One other possible
mechanism that may result in conspecifics reducing nest success is conspecific aggressive behaviors in order to maintain
territories (Groom 1992, Pius and Leberg 1997). Piping plovers nested closer together in mixed species colonies with 26
plover nests that had one active neighbor within 5 m, nesting
much closer than the average territorial spacing of over 14 m
for the species (Elliott-Smith and Haig 2004). With nearer
neighbors, individuals may spend more time in aggressive,
territorial interactions within a heterospecific association;
thereby, individuals may spend less time on parental care
reducing hatching success (Groom 1992, Pius and Leberg
1997). Despite nesting in loose colonies throughout the species’ range, the potential benefits of nesting near conspecific
piping plovers are not clear cut and in fact may reduce nest
survival in certain contexts.
Previous research on piping plovers nesting at high densities on the GVP study area has shown that density-dependent

processes lead to reduced adult survival and breeding propensity and has suggested that these processes regulate plover populations on the Missouri River system (Catlin et al.
2019). We studied piping plovers on a broad sample of
Missouri River study areas that varied widely in habitat conditions as well as piping plover and least tern nesting abundances. Our results suggest that density dependence is likely
not a negative influence on productivity of piping plovers on
the Missouri River system. Plovers are capable of dispersal
when habitat conditions deteriorate but may be predisposed
to return to a breeding location where they were previously
successful, artificially inflating densities (Roche et al. 2012).
Habitat conditions vary spatially and temporally across the
Missouri River, providing opportunities for plovers to disperse and colonize novel habitats in many years. Our data
suggest that breeding aggregations of plovers at low abundances in novel habitats would have positive influences on
productivity, enabling local population growth. However,
the effect of conspecific breeding density (versus abundances)
is still unknown. Further work to understand how density
dependent processes ultimately affect piping plover population dynamics is necessary.
One limitation of this study was the reliance on a crude
measure of presence of conspecifics and heterospecifics, especially during the chick rearing period. On the reservoir especially, this could mean there was an individual nesting over
a kilometer away and not be representative of an individual’s
protected zone. This is less of a concern for the nesting stage,
because we used nest counts within varying radii of the focal
nest, which were found to better explain nest survival than
presence in three of four tests. However, we were unable to
estimate this for chicks as the location of chicks was not uniformly recorded. Even with our nest counts, a better measure
would be density based on available nesting habitat and more
representative of the colony an individual was nesting within.
Breeding adult populations of terns and plovers respond to
availability of habitat along the Missouri River, increasing
dramatically after the creation of riverine sandbars following the 2011 flood (Anteau et al. 2019, Hunt et al. 2019).
Nesting habitat is highly variable within and among years
due to water management strategies. Because of this, it is difficult to estimate the size of sandbars or amount of habitat
on sandbars for a year let alone daily. The importance of our
abundance measures for nest survival suggests that density of
individuals is likely driving the patterns seen here particularly
for plovers. Further, position within the colony (edge versus center) may also influence the risk of predation (Brunton
1997) and nests at a single site may share common risk factors. Future efforts could attempt to address this limitation
by estimating habitat patch size and calculating habitat-based
densities – particularly for chicks – which may shed light on
the potential mechanisms that drive this pattern and attempt
to control for spatial autocorrelation that occurs when many
individuals nest on single sandbars.
Our data suggest that piping plovers benefit from the
anti-predator behaviors of least terns, but this relationship
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does not meet all three requirements of a protective nesting
association: 1) the ability to recognize potential protectors,
2) active selection of protected areas and 3) survival benefits
that exceed predator swamping (Quinn and Ueta 2008).
While plovers nest near a species that exhibits loud, defensive behaviors that are easily detected by other species in the
community, active choice cannot be inferred because plovers
initiated nests prior to the arrival of terns on the breeding
areas. Because of this time lag, neither the presence of active
tern nests nor the recognition of terns as a protector species
are viable nest-site selection factors for piping plovers initiating their first nests. A similar pattern has been shown with
snowy plovers Charadrius nivosus and least terns nesting on
the California coast (Powell 2001). Much like the snowy plovers, survival of piping plover nests and chicks was higher
after the arrival of least terns, and for GRR and GVP, piping plovers nesting with more least tern nests within 500 m,
likely within range of strong antipredator responses by terns,
were more likely to hatch. As such, plovers may instead be
nesting in similar habitat to terns and passively participating
in a mutualistic relationship. Further research into settlement
decisions of later nesting individuals (e.g. renests of plovers or
first nests for terns) may elucidate the role of recognition and
choice in this interaction.
Both least terns and piping plovers select similar nesting
habitat that is largely free from vegetation on bare or mostly
bare sandbars and shorelines on the Missouri River system.
Nest site characteristics, selected or avoided, have been well
documented for least terns on river reaches (Sherfy et al.
2012, Stucker et al. 2013) and piping plovers on reservoirs
(Anteau et al. 2012a, 2014a), but not vice versa. By and large,
nest sites for the two species are similar at the broad or coarse
scale; however, they had differing selections for substrate
composition (pebbles, gravel and cobble) and plovers utilize
a broader suite of microhabitats for nesting (Anteau et al.
2012a, Sherfy et al. 2012, Stucker et al. 2013, Anteau et al.
2014a). Often these specific, selected, habitat features occur
near each other in potential breeding areas. Because of this,
the heterospecific association formed could indeed be a passive selection by both species for a similar nesting habitat
rather than choice to associate with heterospecifics and limited availability of preferred habitat would drive the species
into coexistence.
Along the Missouri River, habitat is managed and created
for nesting plovers and terns. In the most recent Biological
Opinion on management actions for the Missouri River
(USFWS 2018), the US Fish and Wildlife Service stated that
the primary focus will be to provide sufficient emergent sandbar habitat to ensure viability of plovers as that should ensure
habitat for nesting terns as well. However, despite the similar
habitat requirements, our results suggest that neither species
would benefit from management directed solely at providing habitat for the other. Managing for subtle variations in
the substrates (e.g. size and type) on sandbars should result
in more robust heterospecific colonies on the Missouri River
increasing productivity for both piping plovers and least terns.
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Piping plovers and least terns benefit from an asymmetric mutualistic relationship despite varying costs and benefits of associating with conspecifics on the Missouri River.
Conspecific cooperation can have an inverse relationship
with heterospecific mutualism (Johnstone and Bshary 2002).
Asymmetric mutualistic relationships are fairly common
in bird-seed dispersal interactions and mixed species foraging flocks (Schleuning et al. 2014, Goodale et al. 2020) and
may play important roles in species distribution evolution
(Yamamura et al. 2004, Bascompte et al. 2006). Mixed species foraging flocks may also derive benefits from reduced
predation risk or for information/access to foraging and have
similar cost-benefit interactions with con- and heterospecifics (Sridhar et al. 2013, Sridhar and Shanker 2014). Mixed
species foraging groups occur on shorter time scales and shifting spaces than stationary breeding aggregations; however,
the majority of species in mixed species flocks benefit from
reduced predation risk despite the presence of conspecifics
(Sridhar and Shanker 2014) as we show here in a heterospecific breeding aggregation. Despite low benefits, cooperation
continues (Johnstone and Bshary 2002). Least terns rarely
nested outside of the mutualistic aggregation with piping
plovers – only 75 of 1060 least terns nests had no piping
plovers present at some point during incubation. Collective
decision making for communal foraging resources may provide insight into why individuals choose to breed within
heterospecific breeding associations when benefits for individuals are low (Farine et al. 2014b) or the stability of the
interaction among species and group living (Goodale et al.
2020). Understanding how species interact with both conand heterospecifics in mixed species colonies over varying
spatio-temporal gradients may be an important approach to
understand the adaptive value of group living.
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Appendix 1
Table A1. Top daily nest survival models for piping plovers nesting on the Garrison River Reach (2007, 20122016). AICc for top model is 2608.37.
#
1
2
3
4

Model (S)
K ΔAICc
wi Deviance Step
pp:tp + age × year + date × year 21 0.00 1.00 2566.19
3
age × year + date × year
18 48.20 0.00 2620.43
2
age + date
3 201.94 0.00 2804.31
1
constant
1 257.31 0.00 2863.68
1

Table A2. Top daily nest survival models for piping plovers nesting on Lake Sakakawea (2007-2008, 20122016). AICc for top model is 1999.33.
#
1
2
3
4

Model (S)
K ΔAICc
wi Deviance Step
pp:tp + age × year + date × year + elevation × year 31 0.00 1.00 1936.74
3
age × year + date × year + elevation × year
28 22.86 0.00 1965.71
2
age + date + elevation
4 156.30 0.00 2147.61
1
constant
1 307.72 0.00 2305.05
1

Table A3. Top daily nest survival models for piping plovers nesting on the Gavins Point Reach (2008-2009).
AICc for top model is 1300.05.
#
1
2
3
4

Model (S)
K ΔAICc
pp:tp + age × year + date × year + sandbartype × year 11 0.00
age × year + date × year + sandbartype × year
8 31.57
age + date + sandbartype
4 49.01
constant
1 101.22

wi Deviance Step
1.00 1277.96
3
0.00 1315.57
2
0.00 1341.04
1
0.00 1399.27
1

Table A4. Abundance buffer nest survival models for piping plovers nesting on the Garrison River Reach
(2007, 2012-2016). AICc for top model is 2514.24.
#
1
2
3
4
5
6
7
8

Model (S)
tn500 + pn500 + age × year + date × year
tn200 + pn200 + age × year + date × year
tn100 + pn100 + age × year + date × year
pp:tp + age × year + date × year
tn50 + pn50 + age × year + date × year
tn5 + pn5 + age × year + date × year
age × year + date × year
tn10 + pn10 + age × year + date × year

K
20
20
20
21
20
20
18
20

ΔAICc
0.00
35.92
70.12
94.13
104.50
141.74
142.32
143.34

wi Deviance Step
1.00 2474.07
4
0.00 2509.99
4
0.00 2544.19
4
0.00 2566.19
3
0.00 2578.58
4
0.00 2615.81
4
0.00 2620.43
2
0.00 2617.42
4

Table A5. Abundance buffer daily nest survival models for piping plovers nesting on Lake Sakakawea (20072008, 2012-2016). AICc for top model is 1999.33.
#
1
2
3
4
5
6
7
8

Model (S)
pp:tp + age × year + date × year + elevation × year
tn100 + pn100 + age × year + date × year + elevation × year
tn500 + pn500 + age × year + date × year + elevation × year
tn50 + pn50 + age × year + date × year + elevation × year
tn200 + pn200 + age × year + date × year + elevation × year
tn10 + pn10 + age × year + date × year + elevation × year
tn5 + pn5 + age × year + date × year + elevation × year
age × year + date × year + elevation × year

K
31
30
30
30
30
30
30
28

ΔAICc
0.00
3.59
4.23
4.26
7.12
14.34
17.56
22.86

wi Deviance Step
0.70 1936.74
3
0.12 1942.36
4
0.08 1943.01
4
0.08 1943.04
4
0.02 1945.9
4
0.00 1953.12
4
0.00 1956.34
4
0.00 1965.71
2

Table A6. Abundance buffer nest survival models for piping plovers nesting on the Gavins Point Reach
(2008-2009). AICc for top model is 1219.04.
#
1
2
3
4
5
6
7
8

Model (S)
tn500 + pn500 + age × year + date × year + sandbartype ×
year
tn200+pn200 + age × year + date × year + sandbartype ×
year
tn100 + pn100 + age × year + date × year + sandbartype ×
year
pp:tp + age × year + date × year + sandbartype × year
tn50 + pn50 + age × year + date × year + sandbartype ×
year
tn10 + pn10 + age × year + date × year + sandbartype ×
year
age × year + date × year + sandbartype × year
tn5 + pn5 + age × year + date × year + sandbartype × year

K
10

ΔAICc
0.00

wi
1.00

Deviance
1198.97

Step
4

10

30.28

0.00

1229.25

4

10

63.97

0.00

1262.94

4

11
10

81.01
91.82

0.00
0.00

1277.96
1290.79

3
4

10

110.90

0.00

1309.87

4

8
10

112.58
113.68

0.00
0.00

1315.57
1312.65

2
4

Table A7. Top ranked models for the daily apparent survival of piping plover chicks hatched on the Garrison River Reach. For all models detection probability was
parameterized as [p(prefledge:age × year + prefledge:year + postfledge)]. QAICc for top model is 5893.02. Measure of overdispersion is 2.15.
#
1
2
3
4
5
6

Model (φ)
tp:prefledge + age:year:prefledge + date:year:prefledge + year:prefledge + postfledge
tp:prefledge + pp:prefledge + age:year:prefledge + date:year:prefledge + year:prefledge + postfledge
age:year:prefledge + date:year:prefledge + year:prefledge + postfledge
pp:prefledge + age:year:prefledge + date:year:prefledge + year:prefledge + postfledge
age:prefledge + date:prefledge + prefledge + postfledge
prefledge + postfledge

K ΔQAICc
33
0.00
34
0.96
32
3.80
33
5.51
17 102.65
15 102.68

wi
0.55
0.34
0.08
0.03
0.00
0.00

QDeviance
5826.49
5825.42
5832.03
5831.99
5961.53
4500.67

Step
4
4
3
4
2
2

Table A8. Top ranked models for the daily apparent survival of piping plover chicks hatched on Lake Sakakawea. For all models detection probability was
parameterized as [p(prefledge:age + prefledge:year + postfledge)]. QAICc for top model is 2636.79. Measure of overdispersion is 3.17.
#
1
2
3
4
5

Model (φ)
tp:prefledge + year:prefledge + postfledge
tp:prefledge + pp:prefledge + year:prefledge + postfledge
pp:prefledge + year:prefledge + postfledge
year:prefledge + postfledge
prefledge + postfledge

K ΔQAICc
18
0.00
19
0.84
18
3.25
17
3.46
11
5.46

wi QDeviance Step
0.48
2600.58
4
0.31
2599.39
4
0.09
2603.83
4
0.08
2049.94
3
0.03
2064.04
2

Table A9. Top ranked models for the daily apparent survival of piping plover chicks hatched on Gavins Point Reach. For all models detection probability was
parameterized as [p(prefledge:age + prefledge:year + postfledge)]. QAICc for top model is 4208.05. Measure of overdispersion is 2.36.
#
1
2
3
4
5
6

Model (φ)
age:year:prefledge + date:year:prefledge + year:prefledge + postfledge
pp:prefledge + age:year:prefledge + date:year:prefledge + year:prefledge + postfledge
tp:prefledge + age:year:prefledge + date:year:prefledge + year:prefledge + postfledge
tp:prefledge + pp:prefledge + age:year:prefledge + date:year:prefledge + year:prefledge + postfledge
age:prefledge + date:prefledge + prefledge + postfledge
prefledge + postfledge

K ΔQAICc
11
0.00
12
1.93
12
1.97
13
3.92
8
11.76
6
21.63

wi QDeviance Step
0.53
4185.97
3
0.20
4185.88
4
0.20
4185.92
4
0.07
4185.86
4
0.00
4203.76
2
0.00
2796.71
2

Table A10. Top daily nest survival models for least terns nesting on the Garrison River Reach (2007, 20122016). AICc for top model is 640.96.
#
1
2
3
4

Model (S)
K ΔAICc wi Deviance Step
pp:tp + age × year 15 0.00 0.66 607.22
3
age × year
12 1.34 0.34 614.65
2
age
2 21.68 0.00 655.15
1
constant
1 22.57 0.00 658.05
1

Table A11. Top daily nest survival models for least terns nesting on Lake Sakakawea (2007-2008, 20122016). AICc for top model is 111.76.
#
1
2
4

Model (S)
age + date
pp:tp + age + date
constant

K ΔAICc wi Deviance Step
3 0.00 0.86 105.68
1
6 4.12 0.11 103.59
3
1 6.80 0.03 116.55
1

Table A12. Top daily nest survival models for least terns nesting on Gavins Point Reach (2008-2009). AICc
for top model is 239.49.
#
1
2
4

Model (S)
age + date
pp:tp + age + date
constant

K ΔAICc wi Deviance Step
3 0.00 0.75 233.47
1
6 2.32 0.23 229.76
3
1 7.34 0.02 244.83
1

Table A13. Abundance buffer distances daily nest survival models for least terns nesting on the Garrison
River Reach (2007, 2012-2016). AICc for top model is 636.24.
#
1
2
3
4
5
6
7
8

Model (S)
pn100 + tn100 + age × year
pp:tp + age × year
pn200 + tn200 + age × year
age × year
pn500 + tn500 + age × year
pn50 + tn50 + age × year
pn10 + tn10 + age × year
pn5 + tn5 + age × year

K ΔAICc
14 0.00
15 1.24
14 1.40
12 2.57
14 3.86
14 4.75
14 5.27
14 6.67

wi Deviance Step
0.38 608.02
4
0.20 607.22
3
0.19 609.41
4
0.10 614.65
2
0.05 611.87
4
0.03 612.77
4
0.03 613.29
4
0.02 614.38
4

Table A14. Top ranked models for the daily apparent survival of least tern chicks hatched on the Garrison River Reach. For all models detection
probability was parameterized as [p(age:year:prefledge + prefledge:year + postfledge)]. AICc for top model is 5278.43. Measure of
overdispersion is 1.
#
1
2
3
4
5
6

Model (φ)
tp:prefledge + date:year:prefledge + year:prefledge + postfledge
pp:prefledge + tp:prefledge + date:year:prefledge + year:prefledge + postfledge
date:year:prefledge + year:prefledge + postfledge
pp:prefledge + date:year:prefledge + year:prefledge + postfledge
date:prefledge + prefledge + postfledge
prefledge + postfledge

K
AICc
wi Deviance Step
27 0.00 0.57 5218.55
4
28 1.02 0.34 5117.50
4
26 4.97 0.05 5225.59
3
27 5.42 0.04 5223.97
4
16 123.84 0.00 5364.97
2
15 126.47 0.00 3446.30
2

Table A15. Top ranked models for the daily apparent survival of least tern chicks hatched on Lake Sakakawea. For all models detection
probability was parameterized as [p(prefledge + postfledge)]. AICc for top model is 404.74. Measure of overdispersion is 1.
#
1
2
3

Model (φ)
age:prefledge + postfledge
prefledge + postfledge
pp:prefledge + age:prefledge + postfledge

K ΔAICc wi Deviance Step
5 0.00 0.54 310.65
3, 4
5 1.31 0.28 311.96
4
6 2.12 0.18 394.29
2

Table A16. Top ranked models for the daily apparent survival of least tern chicks hatched on the Gavins Point Reach. For all models detection
probability was parameterized as [p(age:prefledge + year:prefledge + postfledge)]. QAICc for top model is 2762.45. Measure of overdispersion is
1.79.
#
1
2
3
4
5

Model (φ)
tp:prefledge + year:prefledge + postfledge
pp:prefledge + tp:prefledge + year:prefledge + postfledge
pp:prefledge + year:prefledge + postfledge
year:prefledge + postfledge
prefledge + postfledge

K QAICc
20 0.00
21 0.43
20 1.05
19 2.03
12 17.66

wi Deviance Step
0.36 2720.91
4
0.30 2719.29
4
0.21 2721.97
4
0.13 2214.59
3
0.00 2244.48
2

Figure A1. Number of piping plover nests initiated on sandbars/segments relative to the presence of breeding least terns and other breeding
piping plovers a) on the Garrison River Reach (2007, 2012-2016), b) on Lake Sakakawea (2007-2008, 2012-2016), and c) on Gavins Point Reach
(2008-2009). Note the y-axis scale changes has breeding abundances differ among study areas.

Figure A2. Number of non-focal species nests within 100 meters and 500 meters of the focal species nest
for a) Garrison River Reach, b) Lake Sakakawea, and c) Gavins Point Reach. For example, on Garrison River
Reach, for 40 least tern nests (gray), five piping plover nests were within 100 m; for 57 piping plover nests
(black), five least tern nests were within 100 m. Note the x-axis scale changes has breeding abundances
differ among study areas.

Figure A3. Daily nest survival to hatching (35 days) of Piping Plover nests on a) the Garrison River Reach, b) Lake Sakakawea, and c) Gavins Point Reach relative to
the presence of other piping plovers and least terns during the nesting period by nest age. Shaded polygons represent 95% confidence envelopes for the predicted
daily apparent survival values for nest survival when terns and plovers were both present (red), when only other plovers were present (yellow), only terns were
present (blue) and when no terns nor other plovers were present (black). Daily nest survival estimates were generated using the top-supported model with
covariates set to their mean values a) [S(pp:tp + age × year + date × year)], b) [S(pp:tp + age × year + date × year + elevation × year)], and c) [S(pp:tp + age × year +
date × year + sandbartype × year)].

Figure A4. Number of piping plover chicks raised on sandbars/segments in the presence of breeding least terns and/or piping plovers on the a) Garrison River
Reach (2007, 2012-2016), b) Lake Sakakawea (2007-2008, 2012-2016), c) Gavins Point Reach (2008-2009). Note the y-axis scale changes as breeding abundances
vary among study areas.

Figure A5. Number of least tern nests initiated on sandbars/segments relative to the presence of breeding piping plovers and other breeding least terns a) on the
Garrison River Reach (2007, 2012-2016), b) on Lake Sakakawea (2007-2008, 2012-2016), and c) on the Gavins Point Reach (2008-2009). Note the y-axis scale
changes as breeding abundances vary among study areas.

Figure A6. Number of least tern chicks raised on sandbars/segments in the presence of breeding least terns and/or piping plovers on the a) Garrison River Reach
(2007, 2012-2016), b) Lake Sakakawea (2007-2008, 2012-2016), c) Gavins Point Reach (2008-2009). Note the y-axis scale changes has breeding abundances differ
among study areas.

